1 CRISPR-Cas systems have offered versatile technologies for genome engineering, yet their 2 implementation has been outpaced by the ongoing discovery of new Cas nucleases and anti-3 CRISPR proteins. Here, we present the use of E. coli cell-free transcription-translation systems 4 (TXTL) to vastly improve the speed and scalability of CRISPR characterization and validation. 5
However, despite this diversity, the vast majority of these proteins have been slow to be 38 adopted as CRISPR technologies. 39 4 One major bottleneck is the characterization of these proteins' basic properties and 40 functions. To date, characterization has been performed with multiple methodologies based on 41 in vitro biochemical assays or live cells. More recently, these assays have been modified for 42 high-throughput analysis of PAM binding requirements, off-target propensities, or large libraries 43 of guide RNAs through next-generation sequencing or imaging of arrayed nucleotides 44 assays consistently require days to weeks to perform due to the requirement for protein 47 purification or for culturing and transforming live cells. Furthermore, these assays scale poorly 48 when testing large sets of proteins or guide RNAs. Given the growing abundance of known 49 CRISPR nucleases, the ease in guide rna design, and the growing prevalence of factors factors 50 that interface with CRISPR-Cas systems, there remains a pressing need to develop rapid and 51 scalable characterization methodologies. 52
Here, we address this need using an Escherichia coli cell-free transcription-translation 53 system (TXTL) (Garamella et al., 2016; Shin and Noireaux, 2012) . TXTL recapitulates gene 54 expression and enzymatic activity following the addition of template DNA, allowing the 55 quantitative and dynamic measurement of nuclease binding and cleavage at microliter scale in a 56 few hours --all without protein purification or live cells. We demonstrate the utility of TXTL 57 across a diverse set of Cas nucleases and show how it can be used to predict guide RNA 58 activity in vivo, characterize anti-CRISPR proteins, and elucidate recognized PAMs. Based on 59 these findings, we expect TXTL to provide a powerful characterization tool for the expanding 60 universe of CRISPR-Cas systems and proteins, and we show the applicability of TXTL beyond 61 biomanufacturing, diagnostics, and genetic circuit prototyping 
RESULTS 67
SpyCas9 and dSpyCas9 exhibit robust activity in TXTL. We initially examined the activity of 68 the SpyCas9 nuclease. To monitor the dynamics of DNA cleavage by SpyCas9, we designed 69 single-guide RNAs (sgRNAs) that target within the promoter, 5' untranslated region (UTR), and 70 coding sequence of a deGFP reporter construct, a slightly modified version of eGFP with 71 identical fluorescent properties (Shin and Noireaux, 2012) . We then measured the dynamics of 72 deGFP production following the addition of the SpyCas9 plasmid, linear DNA encoding the 73 sgRNA, and the deGFP reporter plasmid ( Figure 1A ). The resulting fluorescence values were 74 converted to a true reporter concentration based on a calibration curve made with purified 75 eGFP. We found that the three tested sgRNAs resulted in greatly reduced deGFP 76 concentrations in comparison to a non-targeting sgRNA after 16 hours in the TXTL reaction 77 ( Figure 1B) . Measurable repression was observed beginning after less than one hour into the 78 TXTL reaction, indicating that this time span was required to express and assemble the Cas9-79 sgRNA ribonucleoprotein complex (RNP) and for the complex to bind and cleave the target DNA 80 ( Figure S1A ,B). The rate of deGFP production then dropped quickly to approximately zero, 81 consistent with irreversible DNA cleavage as confirmed by PCR amplification of the target site 82 ( Figure S1C ). Interestingly, the onset and of deGFP repression and the rate at which deGFP 83 production dropped varied depending on the sgRNA used ( Figure S1A,B ), suggesting that 84 varying efficiency by which different guides targeted Cas9 to DNA. These results indicate that 85 an active SpyCas9-sgRNA complex can be expressed directly in TXTL, providing a dynamic 86 and quantitative readout of nuclease activity in a few hours. 87
We also interrogated the activity of the catalytically-dead version of SpyCas9 88 Figure S1A,B) . The catalytically-dead version repressed expression less strongly and exhibited 97 some deGFP production even at the end of the TXTL reaction ( Figures 1B, S1A ). We confirmed 98 that the dSpyCas9 did not cleave DNA by PCR amplification across the target location (Figure 99 S1B). We also observed different extents of deGFP fold-repression across the three targeting 100 sgRNAs similar to repression strengths reported in bacteria (Bikard et al., 2013; Qi et al., 2013) . 101
These results illustrate that dSpyCas9 functions efficiently to repress gene expression in TXTL. 102
Given the larger span of time in which regulatory activity can be observed for dSpyCas9 than for 103 SpyCas9 ( Figure S1A ), we relied on CRISPR-based gene repression for all subsequent 104
analyses. 105
To assess the scalability of TXTL reactions, we expanded from one promoter to four 106 promoters each targeted by two sgRNAs and driving expression of deGFP. Each promoter is 107 dependent on a unique alternative sigma factor (σ 28 , σ 38 , σ 54 ) or the T7 RNA polymerase, where 108 each transcription factor is supplied on an added expression plasmid under the control of a σ 70 109 promoter (Garamella et al., 2016; Shin and Noireaux, 2012) ( Figure 1C ). By including a deGFP-110 targeting sgRNA, a non-targeting sgRNA, and a σ 70 promoter, we tested a total of 50 promoter-111 sgRNA combinations, with each combination tested in triplicate. The TXTL reactions confirmed 112 that measurable repression was only observed when an sgRNA was matched with its target 113 ( Figure 1C) , with the strength of repression ranging between 7-fold and 105-fold. We also 114 targeted binding sites for the NtrC operator sites within the σ 54 promoter ( Figure S2 ), 115 demonstrating that these sites were important for reporter expression. In total, we showed that 116 TXTL can be used to rapidly and scalably assess sgRNA activity. 117 7 118
Multiple factors impact the measured activity of dSpyCas9 in TXTL. After characterizing 119
SpyCas9 and dSpyCas9 in TXTL, we sought to determine parameters that affect the measured 120 activity. First, we found that varying the amount of the dSpyCas9 plasmid reduced the total 121 amount of GFP produced in a TXTL reaction ( Figure S2A ), suggesting that dSpyCas9 levels 122
were limiting under these reaction conditions. Surprisingly, adding more dSpyCas9 plasmid 123 elevated deGFP production for the non-targeting sgRNA, underscoring the need to add the 124 same total amount of DNA when performing comparative studies such as when comparing the 125 activity of different targeting sgRNAs. 126
Second, we evaluated the impact of destabilizing deGFP to emulate reporter turnover or 127 dilution in vivo. We appended an ssrA degron tag recognized by the ClpXP protease to the C-128 terminus of deGFP ( Figure 2B mitigating potential effects from the end of the dsDNA molecule. We measured the fold-141 repression of the deGFP produced by the reaction after five hours, which is shorter than our 142 previous experiments because linear templates degrade after that time in our TXTL system 143 8 (Marshall et al., 2017) . We found that dSpyCas9 was capable of repressing gene expression 144 when targeting the transcribed sequence of the reporter gene on the linear template, but not 145 when targeting the promoter ( Figure 2C ). These results suggest that the dSpyCas9 can block 146 elongation but not initiation of the E. coli RNA polymerase on linear DNA. They also indicate 147 that Cas nucleases interact differently with linear targets and plasmid targets, underscoring the 148 need for further interrogation. 149
When DNA expressing dSpyCas9, sgRNA, and reporter plasmid DNA were added 150 together at the beginning of a TXTL experiment, we observed a transient period in which the 151 reporter gene was expressed before the onset of dSpyCas9-based repression ( Figure 1B ). We 152 hypothesized that this period of transient expression was due to the slow assembly speed of the 153 dSpyCas9-sgRNA RNP complex. To test this hypothesis, we varied our initial protocol to pre-154 express dSpyCas9 and the sgRNA before adding the reporter plasmid for three hours. We 155 reasoned that this period of pre-expression would allow the RNP to assemble and that this 156 would shorten the time until we observed repression of the reporter gene. Consistent with our 157 hypothesis, pre-expressing dSpyCas9 and the sgRNA reduced the time before the reporter 158 gene was repressed ( Figure 2C) , with measurable repression occurring as fast as six minutes, 159 depending on the sgRNA used ( Figure S2C ,D). We also evaluated the effect of pre-expressing 160 dSpyCas9 in cells prior to generating the TXTL lysate ( Figure S2E ). Interestingly, pre-161 expression of dSpyCas9 generally did not enhance repression ( Figure S2F ), suggesting that 162 expression of the sgRNA and assembly of the ribonucleoprotein complex strongly contribute to 163 the delayed onset of dSpyCas9-based repression. Taken together, these results suggest that 164 dCas9 RNP assembly is relatively slow (on the order of 30 minutes), but that DNA binding is 165 faster (on the order of 5 minutes). We first found that dFnCpf1 was capable of repressing gene expression with each of the 206 three guide RNAs that targeted the reporter gene promoter ( Figure 4A ). The measured 207 repression by dFnCpf1 after 16 hours of reaction was weaker than that achieved by dSpyCas9, 208 which we attribute to the longer delay in the onset of repression ( Figure S3A,C) . Interestingly, 209 pre-expressing dFnCpf1 and its guide RNA for three hours reduced the delay in measurable 210
repression by approximately two hours. This finding suggests that complex assembly and DNA 211 binding is slower for the FnCpf1-gRNA complex than for the dSpyCas9-sgRNA complex. 212
We also found that EcCascade could elicit gene repression in TXTL despite the need to 213 coordinately express five proteins. The total reduction of GFP produced by the reaction was 214 modest because of the delay in the onset of strong repression ( Figures 4B and S3B,D) . 215
However, pre-expressing EcCascade and the CRISPR RNA strongly reduced the total amount 216 of GFP produced due to strong repression shortly after the addition of the reporter plasmid 217 ( Figures 4B and S3B,D) , indicating that the complex --once expressed and assembled --rapidly 218 binds DNA and efficiently blocks RNA polymerase recruitment. Unexpectedly, deGFP 219 production was consistently lower when expressing EcCascade versus any of the other effector 220 proteins that was exacerbated when EcCascade was pre-expressed ( Figure 4B ), suggesting 221 11 that EcCascade is interfering with the expression or activity in deGFP. In total, we show that 222 TXTL can be extended to the characterization of CRISPR-Cas systems requiring both single-223 effector and multi-protein effector complexes. . We asked if TXTL could 230 be used to rapidly assess the inhibitory activity of potential anti-CRISPR proteins. We focused 231 on AcrIIA2 and AcrIIA4, two anti-CRISPR proteins that were recently reported to inhibit the 232 activity of SpyCas9 in vitro and in human cells (Rauch et al., 2017) . To measure the inhibitory 233 activity of AcrIIA2 and AcrIIA4 against SpyCas9 in TXTL, we encoded each protein on a linear 234 expression construct that was expressed for two hours in the lysate prepared from cells 235 expressing dSpyCas9 (Figures 5A, S2E ). We then added DNA encoding the GFP reporter 236 plasmid and linear DNA encoding a targeting or non-targeting sgRNA and measured deGFP 237 fluorescence over time. 238
We found that both AcrIIA2 and AcrIIA4 counteracted gene repression by dSpyCas9. 239
However, AcrIIA4 fully restored the amount of deGFP produced by the reaction compared to the 240 non-targeting control, whereas AcrIIA2 only restored deGFP production by 34%. Therefore, 241 TXTL can be used to quantify the inhibitory activity of anti-CRISPR proteins, where the resulting 242 values can guide the rapid identification of potent anti-CRISPR proteins that can more 243 effectively inhibit Cas nuclease activity. advances in DNA synthesis as well as liquid handling systems, these approaches could be 297 readily scaled to hundreds of reaction conditions or constructs. 298 14 CRISPR-Cas systems are remarkably diverse, with significant sequence, structural, and 299 functional diversity (Koonin et al., 2017) . This diversity exists even within a single subtype; for 300 instance, Cas9 proteins from the well-characterized Type II-A subtype can exhibit less than 10% 301 sequence homology at the amino-acid level and show a range of recognized PAM lengths and 302 sequences (Fonfara et al., 2014) . However, only a few representative nucleases have been 303 characterized for the other subtypes. This is particularly striking for Type I and III CRISPR-Cas 304 systems, the most prevalent types in prokaryotes. The issue is that these systems rely on 305 multiple proteins to form the effector complex, requiring the purification or expression of multiple 306 proteins in defined stoichiometries that has complicated their widespread characterization. TXTL 307 is ideally suited to characterize these multi-subunit effector complexes from these systems 308 because linear, chemically synthesized DNA encoding each subunit can be combined in a 309 single TXTL reaction. The expressed complex can then be characterized in a variety of ways, 310 such as determining its assembly kinetics (see below) and PAM requirements. Evaluating 311 numerous systems from one subtype could help reveal how CRISPR-Cas systems evolved and 312 the structural basis of PAM recognition through mapping sequence-function relationships. 313
While our results demonstrate the promise of TXTL for characterizing CRISPR-Cas 314 systems, there are multiple opportunities to further expand the utility of TXTL. For example, 315 TXTL could be used to investigate spacer acquisition across the diversity of Cas acquisition 316 proteins found in nature. Our demonstration of the strong correlation between CRISPR-based 317 repression in vivo and in vitro also suggests that TXTL could provide a rapid means to 318 functionally validate guide RNAs before they are deployed for genome editing. However, more 319 research is need to determine how binding or cleavage activity in TXTL correlates to genome 320 editing and gene regulation in prokaryotic or eukaryotic cells or whether cellular factors such as 321 DNA repair pathways or heterochromatin formation principally determine targeting efficiency. 322
Next, we envision the development of further high-throughput screening assays using TXTL, 323 such as assessing the sequence-dependence of guide RNA activity. Finally, measuring the time 324 15 to repression with or without pre-expression of the CRISPR machinery opens the potential of 325 using TXTL to rapidly measure the kinetics of ribonucleoprotein complex assembly and function 326 under in vivo-like conditions. Through the demonstrations reported here and through further 327 extensions, TXTL has the potential to make a widespread impact on the characterization of 
